We report all-inorganic solar cells based on solution-processed BiI3. Two-electron donor solvents such as tetrahydrofuran and dimethylformamide were found to form adducts with BiI3, which make them highly soluble in these solvents. BiI3 thin films were deposited by spin-coating. Solvent annealing BiI3 thin films at relatively low temperatures (≤100 °C) resulted in increased grain size and crystallographic reorientation of grains within the films. The BiI3 films were stable against oxidation for several months and could withstand several hours of annealing in air at temperatures below 150 °C without degradation. Surface oxidation was found to improve photovoltaic device performance due to the formation of a BiOI layer at the BiI3 surface which facilitated hole extraction. Nonoptimized BiI3 solar cells achieved the highest power conversion efficiencies of 1.0%, demonstrating the potential of BiI3 as a nontoxic, air-stable metal-halide absorber material for photovoltaic applications. 
INTRODUCTION
Over the past decade, solution-processed inorganic and hybrid organic/inorganic semiconductors have emerged as an inexpensive route for high-performance, large-area electronics such as photovoltaics (PVs), [1] [2] [3] [4] display technologies, 5 and sensing. [6] [7] [8] A number of strategies have emerged for solutionprocessing inorganic materials; among these are sintered nanocrystals, [9] [10] [11] [12] [13] [14] molecular precursors, [15] [16] [17] [18] and solutionprocessed nanocrystalline thin films. [19] [20] [21] Since 2009, methylammonium lead halide and related "hybrid perovskite" materials have been of enormous interest for PVs due to their ease of processing and mild deposition techniques, and have quickly attained a certified power conversion efficiency (PCE) of over 22%. 22 This remarkable rise in PCE over the course of only a few years has been a result of rapid progress in developing precursor chemistries, 23 processing conditions, 24 and device architectures. 25, 26 However, there are still concerns regarding the commercial viability of hybrid perovskite materials including the toxicity of Pb-based compounds 27 and stability under normal operating conditions. 28 When exposed to moist air for several days 29 or temperatures exceeding 85 °C, 30 methlylammonium lead halides can rapidly degrade. In order to address the concern of toxicity and stability, many research groups have begun to study related materials that are free of heavy metals, such as CH3NH3SnI3, 31 ,32 (CH3NH3)3(Bi2I9), [33] [34] [35] Cs3Sb2I9, 36 and Cs3Bi2I9 37 in hopes of achieving similarly high PCE to Pb-based hybrid perovskites, but using stable and nontoxic materials. Of these alternatives, Bi-based materials could have the greatest potential due to their chemical similarity to Pb -both Pb and Bi compounds have soft polarizability which allows them to easily form Lewis acid-base pairs. 38 They both also have a [Xe]4f 14 5d 10 6s 2 electronic configuration, which includes the presence of an "inert" 6s 2 electron pair, making it resistant to oxidation. 39 Therefore, Bi-based semiconductors could have many of the benefits of Pb-based semiconductors, but without the toxicity concerns.
Another potential alternative to Pb-based hybrid perovskites include all-inorganic metal-halides such as BiI3. BiI3 has a rhombohedral crystal structure (space group R3 ̅ ). 40 The crystal structure is a layered 2D structure built from BiI6 octahedra with 1/3 of the cation sites being vacant. 41 Historically, there has been some discrepancy on the reported values of the optical bandgap. 42 Recent reports, however, appear to have shown good agreement. Brandt et al. 41 studied the potential of BiI3 PVs; here, they measured an indirect bandgap of 1.79 eV for BiI3 single-crystals. Lehner et al. 43 also measured an indirect bandgap of ~1.8 eV in spin-coated BiI3 thin films. The discrepancy between these values and previously reported values could be due to the measurement sensitivity. Podraza et al. 42 described how different values of the optical bandgap of BiI3 can be obtained depending on the measurement technique used, and concluded that UV-Vis transmission spectroscopy is the most reliable method for determining the bandgap of BiI3.
Previously, BiI3 has been of interest for x-ray detection applications because of its large nuclear mass, which gives it a large x-ray cross-section. 44 Very recently, BiI3 has begun to garner attention as a potential new type of metal-halide thin film PV material. 41, 43, 45 The bandgap of BiI3 makes it suitable for use as an absorber layer for a single-junction solar cell or in the top cell for two-terminal tandem devices. The bandgap can be further tuned to ~2.1 eV by alloying with SbI3. 46 While these works have demonstrated the potential for BiI3 in PVs, the materials chemistry and relationships between processing, structure, and device performance are poorly understood. BiI3 has several properties that make it a compelling material for PVs. For example, it has the potential to achieve high photocurrents with relatively thin films due to its high absorption coefficient (>10 5 cm -1 ) in the visible region of the solar spectrum. 41 The absorption coefficient in the visible region for BiI3 is greater than Si 48 and GaAs. 49 Currently, little is understood in terms of how to limit electronic defects, improve carrier transport, or reduce recombination in BiI3. The reported carrier lifetimes of BiI3 thin films have been very short (190 -240 ps), 41 which must be improved to achieve high PCE with BiI3 solar cells.
EXPERIMENTAL SECTION
Materials. BiI3 thin films were fabricated using solutionbased processing. A 100 mg/mL BiI3 solution was prepared by dissolving BiI3 powder in purified tetrahydrofuran (THF) in a N2-filled glovebox (see Supporting Information for details). 200 mL of this solution was spin-coated onto a 25 mm x 25 mm substrate, resulting in a film thickness of approximately 200 nm.
For PV devices, a TiO2 sol-gel solution (see Supporting Information for details) was spin-coated onto an FTO substrate and thermally annealed at ~500 °C for 30 minutes. After cooling to room temperature, a film of BiI3 with a thickness of approximately 200 nm was deposited on top of the TiO2 as described above. Some thin films were annealed in the presence of solvent vapor at an elevated temperature, then removed from exposure to solvent atmosphere and subsequently thermally annealed for 10 minutes (see Supporting Information for details). PV devices were fabricated by depositing top contacts (20 nm of V2O5 and 100 nm of Au) via thermal evaporation with a base pressure of 1x10 -6 mbar. We found that device performance was improved by thermally annealing the device at 100 °C for 10 minutes after evaporating the metal contacts ( Figure S5 ). This additional processing was only done on the record device found in the Supporting Information and was not done on the PV devices shown in the main text.
Characterization methods. Absorbance, transmittance, and reflectance data were collected with a Perkin Elmer Lambda 750 spectrophotometer equipped with a Labsphere 100 mm integrating sphere. Single crystal x-ray diffraction (XRD) was acquired using a Bruker-AXS APEX II and the x-ray structures were determined in the Molecular Structures Lab in the Iowa State University Chemistry Department using PLATON crystallographic software. Scanning electron microscope (SEM) images were taken on an FEI Quanta 250 FE-SEM. The accelerating voltage was 15 kV. Powder XRD and grazing incidence XRD (GIXRD) patterns of thin films were collected using a Bruker DaVinci D8 Advance diffractometer with a Cu Kα radiation source. Cross-sectional SEM images of the devices were taken with an FEI Helios NanoLab DualBeam SEM in the Ames Laboratory Sensitive Instrument Facility.
X-ray photoelectron spectroscopy (XPS) was acquired with a Kratos Amicus/ESCA 3400 instrument. The samples were irradiated with 240 W unmonochromated Mg Kα x-rays, and photoelectrons (emitted at zero degrees from the surface normal) were detected using a DuPont-type energy analyzer. The pass energy was set at 150 eV. Binding energies were calibrated to adventitious carbon at 284.6 eV. A Shirley background was subtracted from the data using CasaXPS. PCE of PV devices was determined using current-voltage (J-V) characterization under solar simulation (Newport, M-9119X with an AM1.5G filter). The intensity was adjusted to 100 mW/cm 2 using an NREL certified Hamamatsu mono-Si photodiode (S1787-04). All devices were tested inside a N2-filled glovebox. For external quantum efficiency (EQE) measurements, a light source (Oriel model 7340 using 100 W Halogen lamp) with a Jobin Yvon monochromator (model H-20-IR) was used to illuminate the device. The light source was chopped at 13 Hz and the electrical signal was collected by a lock-in amplifier (Stanford Research Systems, SR830) under short-circuit conditions. A calibrated Si photodiode with a known spectral response spectra was used as a reference. The measurement was taken under N2 purge.
Steady-state photoluminescence (PL) spectra could not be obtained without artifacts using a conventional spectrofluorometer 50 due to low fluorescence quantum yield. Therefore a homemade transient absorption spectrometer was used (configuration described previously) 51 with some modifications for PL measurements. A Surelite II Nd:YAG laser (Continuum, USA) was used as the excitation source. The excitation wavelength and irradiance were 532 nm and less than 2×10 5 W/cm 2 , respectively. Thin films were placed in a front-facing orientation. The spectra were collected using a charge-coupled device detector fitted with a spectrograph. All parameters (such as laser intensity and sample orientation) were kept constant for comparison of the relative spectral intensities.
Excited-state lifetime measurements were carried out with a time-correlated single-photon counting (TCSPC) technique. The TCSPC apparatus has been described elsewhere. 52 An excitation wavelength of 600 nm was generated by a supercontinuum laser (Fianium Ltd.) with a 10 nm bandpass filter. The repetition rate of the laser was set to 1 MHz. An irradiance of 1x10 6 W/cm 2 was used owing to the low quantum yield. A Becker & Hickl photon counting card (model SPC-630) was used with an MCP-PMT detector. For the system described, the full width at half-maximum of the instrument response (IRF) was 90 ps. The measurements were performed using a front-facing orientation of the films. A 675 nm longpass filter was placed after the sample to eliminate scattered excitation light. The decay parameters were calculated by fitting the decay to the sum of three exponentials after deconvolution of IRF from the decay. The extremely fast component of the signal (less than 15 ps) was discarded, as it cannot be distinguished from a small amount of leakage of scattering from the excitation laser regardless of the use of crosspolarizers to eliminate scattering, given the extremely low PL quantum yield of the films.
RESULTS AND DISCUSSION
BiX3 (X = Cl, Br, I) is known to form adducts or coordination complexes with a range of two-electron donor (Lewis base) ligands, offering the opportunity for facile solutionprocessing by rendering it soluble in a variety of solvents. 38 We found that BiI3 is highly soluble in THF and dimethylformamide (DMF) -with solubility in excess of 400 mg/mLbut it is much less soluble in other solvents such as ethanol. Bi-halides have been previously reported to form coordination complexes with THF. 53 The absorbance spectra of BiI3 dissolved in THF and DMF (Figure 1a) gives evidence to the formation of molecular complexes, which shows distinct peaks that are starkly different from the absorbance of a thin film of BiI3. Upon combining BiI3 powder with THF or DMF at a concentration of 100 mg/mL, THF and DMF easily dissolve BiI3 and form optically transparent, homogenous solutions. Other solvents such as ethanol do not fully dissolve BiI3 at this concentration. We used spin-coating to deposit thin films from the BiI3 solutions in THF. A 100 mg/mL solution of BiI3 in THF was spin-coated inside a N2-filled glovebox, resulting in an approximately 200 nm thick film of BiI3 as measured by atomic force microscopy (AFM). Spin-coating with concentrations greater than 100 mg/mL resulted in cracking of the film. Transmittance measurements of a 200 nm thick film resulted in ~90% absorption at 2.0 eV ( Figure S7 ). Using Tauc analysis and assuming an indirect bandgap, the bandgap of BiI3 was evaluated to be ~1.83 eV ( Figure S8 ) which is slightly larger than the value presented by Brandt et al. 41 and Lehner et al. 43 However, since the film is only 200 nm thick, this value could be an overestimation. We found that only a single layer of BiI3 could be deposited; attempting to deposit additional layers on top (i.e., layer-by-layer deposition) resulted in the dissolution of the underlying film.
As-deposited BiI3 films are stable for several months in a N2-filled glovebox without any visible degradation. In ambient air and in a well-lit room, BiI3 thin films degrade within one week, changing from brown to yellow. This color change indicates a transition to bismuth oxide (Bi2O3). However, BiI3 stored in the dark (in ambient air) are stable for at least several months. This suggests that BiI3 stability is affected more by light rather than air. Further studies are needed to thoroughly assess the photo-thermal and environmental stability of BiI3.
When spin-coating BiI3 dissolved in THF, the films transitioned from orange to black, indicating a decomposition of the heptabismuthate-THF complex into BiI3 (see Supporting Information for details of BiI3-solvent complexes). When spincoating BiI3 films co-dissolved in THF and hydroiodic acid (HI), or dissolved in DMF, the film remained orange even after spin-coating, indicating that these intermediate complexes are more stable ( Figure S9 ). Addition of HI to the precursor was initially investigated because Lehner et al. included HI in their BiI3 device studies. 43 In our study, HI was added in a 1:1 molar ratio with BiI3, resulting in a change in color of the solution from light orange to dark red-purple. This red-purple color is consistent with the formation of polytetrahydrofuran, which can form in the presence of strong acids. 54 Upon heating at 100 °C or storing at room temperature overnight, the films decomposed into BiI3. When THF was used as the spin-coating solvent, grain sizes of 113 ± 37 nm were observed in SEM (Figure 2a) . Some pinholes were also observed within the films, which could arise from the rapid evaporation of THF. It is well understood that rapid solvent evaporation of polymeric thin films can cause the films to become "kinetically constrained" which can lead to small domain sizes or even formation of amorphous films.
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Similar effects have also been reported for solvent-annealed hybrid organic-inorganic perovskite materials. [56] [57] [58] The surface appears to have crystallites which extrude from the surface randomly with structures that are elongated in a single direction. Analysis of the XRD pattern (Figure 2d ) confirms that there is preferred crystallographic orientation in the [300] direction -the [300] peak has greater relative intensity compared to the reference of BiI3 powder. Overall, the peak positions of the XRD pattern are in excellent agreement with the BiI3 powder pattern indicating good phase purity within the thin film. A more in-depth analysis of the XRD pattern can be found in Figure S10 .
We explored solvent vapor annealing (SVA) as a method to promote grain growth and improve film quality. Xiao et al. recently demonstrated SVA as a method to improve film quality, increase grain size, and improve carrier diffusion lengths in methylammonium lead iodide perovskite thin film PVs. 59 Furthermore, SVA has been a widely used strategy for enhancing charge carrier transport and modifying grain morphology in polymeric and organic semiconductors. [60] [61] [62] In our study, BiI3 thin films were exposed to controlled amounts of a solvent vapor at a controlled temperature (see Supporting Information for details).
We studied the effects of exposing spin-coated BiI3 thin films to THF and DMF solvent vapor in an inert (N2) environment. SVA with THF and with DMF were found to increase the grain size of BiI3 thin films. By measuring domain sizes of plan-view SEM, we were able to quantify the effect of SVA on the surface. THF SVA led to a wide dispersity in grain sizes from a maximum size of 315 nm to a minimum size of 36 nm (Figure 2b ). The THF also appeared to be embedded within a matrix, which may consist of fine-grained or amorphous materials. This is corroborated by XRD (Figure  2d ), which showed weaker intensity. The average grain size of THF SVA films was 127 ± 76 nm. On average, this was only slightly larger compared to films without any SVA treatment; however, there was a much broader grain size distribution and a more isotropic morphology for THF SVA thin films. The polydispersity in grain size after THF SVA suggests Ostwald ripening; that is, larger grains grow at the expense of smaller grains. SVA in a DMF environment resulted in a much different morphology and substantially larger grain sizes compared to no SVA and THF SVA. A maximum size of 2.5 µm and a minimum size of 122 nm on the surface were measured (Figure 2c and Figure S11 ). The larger grain size after DMF SVA indicates DMF vapor facilitates the migration of BiI3 and promotes grain growth. However, there are large gaps (0.08 ± 0.05 µm 2 ) throughout the film, presumably arising from the coalescence of the BiI3 to form larger grains. The XRD pattern of the BiI3 thin film after DMF SVA is also in excellent agreement with the XRD pattern of the BiI3 powder. The peak intensities become similar to those of the BiI3 powder reference, implying that the BiI3 grains recrystallize and become randomly oriented after DMF SVA. In contrast, the films with THF SVA retained preferred orientation in the [300] direction. To evaluate the BiI3 thin films for PV applications, we fabricated proof-of-concept PV devices with a superstrate configuration (Glass/FTO/TiO2/BiI3/V2O5/Au), as illustrated in Figure 3a . We found that thin film PV devices processed in a N2-filled glovebox had lower open-circuit voltage (VOC) compared to devices where the BiI3 layer was processed in air ( Figure  3c ). We hypothesize that processing the BiI3 layer in air creates a thin layer of oxidized material at the surface which facilitates hole extraction at the BiI3/V2O5 interface. XPS confirmed the existence of oxidized Bi on the surface (Figure 3b ) and depth profiling ( Figure S12 ) indicated that the oxidation only existed at the surface. By more aggressively oxidizing the material we are able to show the existence of BiOI with grazing incidence x-ray diffraction measurements ( Figure S13 ). We hypothesize that the BiOI surface layer facilitates charge transport between BiI3 and the HTL V2O5. BiOI is a p-type semiconductor with a valence band maximum of ~ -6.8 eV vs. vacuum, making it suitable for hole extraction from many semiconductors. 63 In the absence of Fermi pinning, many transition metal oxide HTLs with deep work functions such as MoO3 or V2O5 should provide sufficient driving force to extract photogenerated holes from BiI3; i.e., they should form a favorable contact. 64 However, the VOC for N2-processed devices is low, (< 75 mV) implying that Fermi level pinning could occur at the BiI3/metal oxide interface, limiting the VOC. From this evidence, we infer that the BiOI layer improves the interfacial defect density by reducing Fermi level pinning, thus improving the VOC.
Processing in air also led to a different film morphology compared to processing in N2. Plan-view SEM of BiI3 thin films processed in air without any SVA (Figure 4a) shows uniform surface coverage compared to processing in N2. However, there are multiple pinholes in the film -presumably due to rapid evaporation of the THF solvent during spin-coating. Given that processing in air resulted in improved PV device performance, we investigated SVA in ambient air. We found the result of SVA in air to be different compared to SVA in N2.
THF SVA in air resulted in drastically different film morphology compared to SVA in N2. The grain shape is rod-like compared to more rounded features in N2-processing. Grain sizes on average from air processing are smaller than processing in N2. DMF SVA in air resulted in uniform coverage (Figure 4c ), which is in contrast to DMF SVA in N2, which resulted in film dewetting. The grain shape appears similar in both cases, and is more rounded and isotropic compared to films with THF SVA and no SVA treatment. However, the grains are smaller on average when processed in air, compared to those processed in N2. The difference in the morphologies for THF and DMF SVA films processed in air vs. N2 could arise from a number of factors. For instance, in N2 the grains may grow rapidly to minimize interfacial area; while in air, the thin surface oxide layer that forms could stabilizes smaller grain sizes. Overall, DMF SVA in air resulted in continuous films with relatively monodisperse grains that extended from the surface to the substrate, as observed in cross-sectional SEM ( Figure S14 ). The difference between THF SVA and no SVA in air is minimal. This may be partially due to the processing temperature. The boiling point for THF is 66 °C, so higher temperatures (>100 °C) would result in THF vapor remaining in the vapor phase and not diffusing into the thin film. The BiOI may also prevent THF diffusion, thus resulting in minimal change when exposed to THF solvent vapor. DMF, on the other hand, has a boiling point of 153 °C, so it is assumed that processing at 100 °C is more favorable for DMF solvent vapors to condense and diffuse into the material.
We fabricated PV devices using BiI3 thin films that were completely processed in air (spin-coated and SVA in air). J-V characteristics of these devices under AM1.5 illumination can be found in Figure 4d for different SVA conditions. The shortcircuit current (JSC) of BiI3 PVs processed without SVA is strongly dependent on annealing temperature, with an optimal temperature of 165 °C ( Figure S15 ). However, temperatures greater than 165 °C resulted in the visible degradation of the BiI3 material during processing. In fact, prolonged exposure to temperatures greater than 150 °C (~6 hours) also resulted in degradation.
We observed a maximum JSC at 100 °C for devices fabricated with DMF SVA ( Figure S16) . Temperatures less than 100 °C presumably caused excessive solvent to diffuse into the film, causing partial or complete dissolution (which we observed visually with SVA temperatures less than ≥80 °C). Prolonged exposure to DMF solvent vapor (> 10 minutes) did not significantly change the JSC. In a similar study, Xiao et al. demonstrated the effect of prolonged exposure to solvent vapors on perovskite thin films. 59 In their study, rapid grain growth was observed within the first 20 minutes of solvent vapor annealing with minimal grain growth afterwards. Typically, an increase in grain size accompanies an increase in the current density of the PV device due to a reduction of grain boundaries. Since the JSC does not change significantly after 10 minutes of SVA, we conclude that the crystal grains reach a near maximum size after a short exposure time to DMF solvent vapors.
We observed that SVA treatment improves PV device performance (see Supporting information for processing conditions). DMF SVA had a large improvement in the JSC with a value of 5.0 ± 0.9 (mA/cm 2 ) with 34 measured devicesmore than a three-fold improvement over both THF SVA (1.6 ± 0.4 mA/cm 2 ) and no SVA (1.23 ± 0.2 mA/cm 2 ) with 23 and 26 devices measured, respectively. The improvement in JSC was accompanied by a decrease in the fill factor (FF) for DMF SVA devices, thus signifying a decrease of the shunt resistance with increased grain size. Devices without SVA had a FF of 35.5 ± 0.2 while THF and DMF SVA films had FFs of 33.4 ± 3.7 and 29.9 ± 2.4, respectively. A champion device with PCE of just over 1.0% was achieved using DMF SVA.
We used external quantum efficiency (EQE) to quantify photogenerated charge carrier extraction in the BiI3 devices (Figure 4e) . The DMF SVA devices show much higher EQE compared to the THF SVA and without SVA treatment devices. As expected, this follows the trend of JSC values obtained for these treatments. From analyzing the spectral dependence of EQE, it is seen that there is a relatively poor extraction of higher-energy photons. This implies a loss in photogenerated carrier extraction efficiency for higher-energy photons preferentially absorbed near the TiO2/BiI3 interface relative to the remainder of the device -arising from a recombination of electron-hole pairs at defect states near this interface. The EQE suggests a need to evaluate more suitable n-type heterojunction partners in order to improve the PCE of BiI3 PV devices. A possible strategy to overcome the low electron collection at the BiI3/TiO2 interface is to use a CdS buffer layer inbetween BiI3 and TiO2. A CdS buffer layer has been shown to reduce surface recombination for CIGS PVs. 65, 66 We measured PL and PL lifetime to gain insight on how different treatments affect the excited state dynamics. PL was normalized to the film absorbance ( Figure S17 ) at excitation wavelength (532 nm) to remove the effect of variation in film thickness and possible change in absorption cross-section due to heterogeneity. SVA did not have a significant effect on the PL intensity or position, nor was there effect on carrier lifetimes (Figure 4f, Figure S18 ). Given the improved device performance with DMF SVA, it was initially surprising to us that there is no change in carrier lifetime. However, this agrees with a report by Brandt et al. 41 , who observed no difference in carrier lifetime between spin-coated and physical vapor transport deposited BiI3 thin films which are most likely to differ in morphology. Thus, this implies that the improvement in JSC and device efficiency after DMF SVA arises from increased charge carrier mobility, rather than lifetime, within the active layer. The higher mobility is likely due to the fact that the grains extend the thickness of the absorber layer, reducing transport across BiI3 grain boundaries.
BiI3 films processed in ambient air had longer carrier lifetimes compared those processed in N2 (Figure 4g ). This could be due to passivation by the BiOI layer formed on the surface, although the exact origin of the longer carrier lifetime is uncertain. Other characterization techniques, such as carrier lifetime microscopy, would be necessary for detailed understanding.
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Considering the relatively wide-bandgap of BiI3, the PV devices reported here exhibit much lower VOC values than expected (i.e., large VOC deficit). In order to improve the VOC, there is evidence that the device architecture might need to be modified -specifically the electron and hole-extracting interfaces. As mentioned above, EQE indicated poor collection of charge carriers that were generated near the p-n interface, implying that carrier recombination is higher at this interface. Because VOC is proportional to the ratio of dark and light current, the increased recombination is at least one source of the low VOC. Although the best BiI3 PV devices shown here have much higher PCE, those reported by Lehner et al. 43 had higher VOC (>400 mV) values. In their study, they used a polyindacenodithiophenedifluoro-benzothiadiazole (PIDT-DFBT) HTL, which had higher VOC values compared to using a polytriarylamine (PTAA) HTL (VOC = 220 mV). The authors attributed this to the fact that PIDT-DFBT has a deeper valence band maximum compared to PTAA. 43 In our study, MoO3 was initially chosen as the HTL because of its very deep work function (φ = -6.7 eV, vs. vacuum) 68 However, devices with a V2O5 (φ =-5.6 eV) 69 HTL resulted in higher VOC values compared to MoO3 ( Figure S19 ). This indicates possible chemical incompatibles between BiI3 and MoO3. As discussed previously, we hypothesize that Fermi pinning occurs at the BiI3/HTL interface. Understanding hole extraction will be a critical aspect to improving the PCE of BiI3 PVs. Band positions of the entire device architecture, including MoO3 can be found in the Supporting Information ( Figure S20 ).
CONCLUSION
In summary, we demonstrated that BiI3 forms molecular complexes with coordinating solvents such as THF and DMF, enabling solution-based processing of BiI3 thin films. Molecular complexes have been used widely over the past decade in "dimension reduction" approaches; 70 however, in most cases dimensional reduction requires the use of a relatively corrosive (reducing) solvent to solubilize the inorganic material. In this case, BiI3 readily forms complexes with relatively benign solvents in a similar manner to PbI2 -but unlike PbI2, the bandgap of BiI3 is suitable for use as a PV absorber layer. Overall, processing in air provided multiple benefits to improving the PCE of BiI3 thin film PVs: a BiOI layer forms at the surface that facilitates hole extraction, and this surface layer also presumably prevents film dewetting during solvent vapor annealing in DMF. Annealing in solvent vapor was found to increase grain size and reduce film porosity, especially in the case of DMF vapor. Based on photoluminescence spectroscopy, we can infer that the improved performance is due to improved carrier mobility, since the excited-state lifetime does not increase after SVA. In non-optimized, allinorganic PV devices, we achieved 1.0% PCE, which is the highest reported efficiency for this material, and the first report of an all-inorganic BiI3 photovoltaic device structure. This demonstrates the potential of BiI3 as a potential non-toxic alternative to hybrid perovskite materials that has improved airstability.
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